Atrial fibrillation is a common cardiac arrhythmia. 
Introduction
Cardiac arrhythmias are a high burden to the health systems and quality of life. The most common arrhythmia is atrial fibrillation (AF), which affects more than 10% of the population older than 70 and more than 1% of the population in general with an upward trend [1] . The mechanisms of initiation and perpetuation of this arrhythmia are not yet fully understood. Both trigger and substrate changes need to be present in order to allow progression of AF. In this regard, the pulmonary vein (PV) regions play an important role as they are often source of triggered activity. Substrate changes, e.g., by fibroblasts coupling to myocytes, disturb the normal repolarization process. This might play a significant role in the perpetuation of AF.
Cardiac myocytes from different regions of the atrium show differences in ion channel density [2] . This manifests in action potential (AP) morphology changes and in action potential duration (APD) variations. This heterogeneity of the AP seems to play an important role for the normal repolarization process leading to an overall more homogeneous repolarization as early activated cells tend to have a longer APD than late activated cells [2] . During progression of AF, the remodeling processes involve the activation of fibroblasts and an increase in fibrosis in addition to electrophysiological remodeling. Up to now, it is not clear if the fibroblasts couple to atrial cardiomyocytes and how they influence the regionally varying APs. Additionally, it is not known if and how myocyte-fibroblast coupling contributes to the perpetuation and progression of atrial fibrillation. This work uses a single cell computational approach to investigates the effects of coupled fibroblasts on atrial cells from different regions of the atrium before electrophysiological remodeling happens.
Materials and methods
Atrial myocytes were represented with the human atrial and electrophysiological model of Courtemanche, Ramirez and Nattel (CRN) [3] . In order to describe cells from different regions of the atrium, the variations of the healthy, non-remodeled CRN model proposed by Krueger et al. were used [2] . The 10 different regions are the right and left atrial working myocardium (RA and LA), the right and left atrial appendage (RAA and LAA), Bachmann's bundle (BB), the crista terminalis (CT), pulmonary veins (PV), the septum (Sep), and the mitral and tricuspid valve ring (MVR and TVR). Each of these model variants were coupled to the human atrial fibroblast model proposed by Maleckar et al. [4] . The fibroblast model of type Active 1 was chosen with a resting membrane voltage of -47.8 mV.
In order to avoid drifting of intracellular ion concentrations in both models, the stabilization approach proposed by van Oosterom and Jacquemet [5] was applied with a value of α = 10 −5 . If not specified, two fibroblasts were coupled to the CRN model variants with a coupling conductivity of 2 nS each for the simulations. Variations in coupling conductivity and number of fibroblasts per myocyte were adopted from Jacquemet et al. [6] .
The models were solved using the Rush-Larsen method for the gating variables and the forward Euler method for all other ordinary differential equations with a time step of 10 μs. For atrial myocytes coupled to fibroblasts (referred to as +Fib) and uncoupled, we analyzed the following AP measures: resting membrane voltage (RMV), action potential amplitude (APA), maximum upstroke velocity (dV/dt max ), and the action potential duration at 50% and 90% repolarization (APD 50 and APD 90 ). Mostly, data are presented as mean±standard deviation.
Results
As the number of fibroblasts coupled to myocytes and also the conductivity between myocytes and fibroblasts is not exactly known, we first analyzed the effect of different coupling conductivity between one myocyte and two fibroblasts (Fig. 1 A+B) and different numbers of fibroblast coupled to myocytes with a conductivity of 2 nS (Fig. 1 C+D) on the AP of the normal CRN model and the fibroblast model. The influence of varying the conductivity (from 0 ns to 8 nS) of the myocyte shows an almost conductivity independent less negative RMV and a shortening of the APD 50 (Fig. 1 A) on the AP. The AP of the fibroblasts show a dependence of the RMV, dV/dt max , and APD 90 , but not of APD 50 on conductivity changes (Fig. 1 B) . The influence of varying the number of fibroblasts coupled to each myocytes (from 0.5 FB/MC to 7 FB/MC) on the AP of the myocyte shows an effect on the RMV and the APD 50 and less on APD 90 (Fig. 1 C) . When coupling 8 FB/MC, the AP of the myocyte was unphysiological. The AP of the fibroblasts shows little dependence of dV/dt max and APD 90 on the number of fibroblasts per myocyte, but APD 50 is impacted. As 2 nS and 2 FB/MC show a medium influence on the AP morphology, we decided to use these values to investigate the impact of fibroblasts on atrial myocytes of different regions of the atrium shown in Figure 1 E-I. The influence on the heterogeneous de-and repolarization measures is shown in Table 1 .
Figure 1 E-I show that all myocytes from different regions of the atrium have a less negative RMV by 4.28% (standard deviation: 1.04%) when coupled to fibroblasts. The largest difference can be seen for PV cells (Fig. 1 G) where the RMV changed by 7.24%. The smallest influence was seen for the septum. Also, APA is reduced for all myocytes by 4.59% (2.02%). Again, the strongest impact was seen in PV cells with a reduction from 105 mV to 94 mV. Here, the smallest impact was seen for the MVR. The maximum upstroke velocity (dV/dt max ) is one factor influencing the conduction velocity (CV) in tissue. dV/dt max was reduced by 8.54% (6.14%). Small changes in this parameter were found for BB and CT as conducting structures as well as MVR and especially TVR. The PV cells were again influenced the most with a reduction of dV/dt max from 193 V/s to 152 V/s.
The strongest effect of myocyte-fibroblast coupling was seen for APD 50 with a reduction by 19.05% (2.83%) leading to a faster initial repolarization in each myocyte. The strongest influence was on RA cells (179 ms to 138 ms) and the smallest on MVR (74 ms to 64 ms). Final repolarization is characterized by APD 90 . APD 90 was affected dependent on its value in the uncoupled situation by 4.85% (1.62%). The APD of myocytes with short APs is prolonged and that of those with long is shortened. The APD 90 of, e.g., CT is shortened from 308 ms to 286 ms whereas the APD 90 of MVR is prolonged from 209 ms to 223 ms.
Discussion
The simulation results demonstrate that cells from different regions of the atrium are likely to be effected dif-ferently by coupled fibroblasts. As longer APDs shortened and shorter prolonged, the gradient in heterogeneity of APD across the atrium is reduced. Hence, the repolarization process is less homogeneous and therefore may lead to easier induction of arrhythmia due to spatial differences in refractoriness.
The maximum upstroke velocity as a surrogate measure for CV was reduced the most for PV and only little for BB and CT. As BB and CT are the fast conducting bundles in the atrium, the overall activation sequence might be only marginally influenced by the coupling of fibroblasts to myocytes in early AF. On the other hand, the CV in the PVs will probably be reduced, allowing reentry with shorter wavelengths. The strong effects of fibroblast coupling to PV myocytes are likely to be an additional reason for the crucial role of the PVs in AF. The reason for the larger impact of PV compared to other regions of the atrium is the less pronounced I K1 in the PVs leading to the less negative RMV. By this, the sodium channel availability is reduced and the maximum upstroke velocity is smaller. During electrophysiological remodeling of AF, I K1 density in the cells is increasing. This might be a cellular mechanism to counteract the depolarizing influence of fibroblasts on the RMV.
In a future study, we are aiming to investigate the influence of fibroblasts on chronically remodeled atrial myocytes. Additionally, other cellular models will be considered in order to understand the model dependency. Also, different fibroblast models (e.g., [7] [8]) need to be investigated. Initial tests have shown that the model by Morgan et al. [7] uniquely prolong the APD 90 of the myocyte models from all ten regions and the one by Koivumäki and colleagues [8] always shortens APD 90 .
Other publications like [4] , [8] , and [7] have also investigated the influence of myocyte-fibroblast coupling in the human atrium. Here, we consider for the first time the differential effects on a heterogeneous set of cellular models representing different regions within the human atria. These differences will need further investigations on tissue level (e.g., rate dependence of CV and effective refractory period and potentially a quantification of the arrhythmic risk like proposed in [9] ) and ECG level (P-wave changes).
As the number of fibroblasts coupled to myocytes and the coupling conductivity is not exactly known, this work illustrates an approximation of the effects. Further experimental data is necessary to investigate this effect in more detail. Especially since not only the atrium is expected to be heterogeneous but also the amount of fibroblast in these regions. Our results suggest that the differential effects of fibroblast coupling to the cellularly heterogeneous atrial substrate are an important factor to understand AF initiation and perpetuation and underline the crucial role of the PVs.
